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ve area. The 
flow through a restrictive orifice can be approximated by two 
equations: the continuify equation 
where q = flow rate, AeR = effective orifice area and v = 
flow velocity; and the simpl$ed Bernoulli equation 
Ap = ‘/7pv2. P! 
where Ap = the instantaneous pressure gradient across the 
orifice, p = the fluid ensity of blood and v = flow velocity. 
The reason for introducing an effective orifice area as 
opposed PO the geometric “trae” area is that he observed 
real flow is always lower than the ow calculated by the 
Bernoulli equation and the “true” area. This difference is
caused by the phenomenon f flow contraction distal to a 
narrowing, leading to the so-called vena contracta, nd a 
viscous loss of velocity between the orifice and the vena 
contracta. The factor elating the true area to the effective 
area is called the discharge coefficient (cu): 
The Gorlin formula can easily be derived from these two 
fundamental re ations by rearranging equations 1 and 2 into 
expressions for v and equating them as 
v = qlAeR and v = (2Ap/~)~. 
In this equation, Bp is in metric units (dyne/cm*), whereas 
clinically itusually is expressed in mm g. Thus, substitut- 
ing this conversion (1 mm Hg = I.333 dynelcm2) and p = 
1.05 g/m!, the expression becomes 
v = (2 x 1,333Ap/1.05)~ = (2,539Ap)” = 50.4fip, 
and for effective area we obtain 
A,, = ql(50.4fip). 
This formula differs from the Gorlin formula only in the 
numeric constant 50.4. However, this formula calculates 
effective orifice area. The difference inrelation to the Gorlin 
formula, which calculates rue area, therefore results from 
the implicit inclusion of the discharge coetkient into the 
Gorlin constant. True area can be calculated as 
A muc = ql(cbs0.4~p). I31 
Figure 1. Schematic drawing of the flow model. See text for details. 
APO = initial atrioventricular pressure gradient: &A = left atria! 
chamber; LV = left ventricular chamber; 
orifice. 
The Gorlin constant therefore carres~o~~s to c#L4. 
e the empiric factor the correctly defined 
ient CD, as done in 
To measure the effective area (and implicitly the dis- 
charge coefficient!, we used a previously described in vitro 
mode! in which gravity mimics the dynamic forces involved 
in transmitra! flow (8.9). This mode! consists of a Plexiglas 
box divided into an “atrium” and “ventricle” by a remov- 
able vertical Plexiglas eptum (Fig. 1). A mouat in the 
“septum” permits installation ofa variety of orifices. Pres- 
sure is m n each side of the orifice by t 
Statham transducers. Additionally, 
sured w ectromagnetic flow probe 
attached to a Statham SP2202 flow meter!. After preampli- 
fication, the data re digitized at 20 to 100 Hz by a converting 
board (QT 2801A, Data Translation) and fed into an 80286- 
*Note that “eccentricity” in mathematics and en~iaee~ng has a different 
meaning. Consider an ellipse with long radius a and short radios b: for the sake 
o~s~~p~i~ity, eccentricity (ECC) here is the ratio of long to short radius: KC 
= a/b. so that ECC = 1 describes a circ!e and KC>1 a stretched slit-like 
ellipse. Mathematically. eccentricity (e) denotes the quotient E = x&z=--&, 
which takes on values between 0 (a 
variables can be converted by ECC = 
is ca 
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of the flow model with a circular 1 cm’ valve 
dient and flow tracings are displayed with a 
line) for the flow decay and the parabotic fit 
t for details) for pressure decay. 
Qata from at least Jive runs fir each o$ce were aver- 
aged. The data analysis and calculations were execute 
the microcomputer using cust software written in the 
Asyst programming environm cmillan Software Com- 
iple stepwise hear regression analysis was per- 
with the discharge coefficient as a dependent vari- 
able. Size and eccentricity were tested separately and co 
bined as relation to 
the disch ems of the 
circular orifices with and without he “nozzle” were com- 
pared by a paired r test. 
sample run of the in vitro model is
ing exponential decay 
would be expected if the discharge coefficient varied with 
flow rate, also resulted in a v od but lower correlation 
coefficient (3 = 0.9594, p < 1). The goodness of the 
parabolic fit to the pressure decay curve was s 
greater than that of a ponentiall for all 
tested: 8 = 0.9997 t 0 (mean f ) as compared with 
? = 0.985 f 0.009 for the exponential fit (p c 
difference b tween the F 
highly significant (p< 0. 
because of the added degree of freedom in the general 
expression. Thus, the constrained parabola corresponding to 
equation 4 is the best descriptor of pressure decay. This 
indicates that over the range of flow rates encountered in our 
experiments the discharge coefficient was indeed stable. 
a 
assumption of a linear 
well; the additional d 
dratic form only minimally improved the correlation, but at 
trends were noticed: 1) the discharge coefficient diminishes 
with decreasing orifice size; 2) increasing eccentricity is
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&an that in the center of the flow. This effect is described by 
the coefficient of velocity, which is the ratio of mean to 
maximal velocity. Unfortunately, the coefficients of contm- 
tjon &. velocity are difficult o measure separately and so 
are usually combined into the discharge coefficient, which 
compares the real flow through an orifice to the predicted 
flow for a given pressure gradient if no contraction or 
viscous 10~s occucs (12). A gradually tapering inlet acts as a 
nozzle (conversely. a gradually expanding outlet acts as a 
diffuser) and minimizes the decrease in pressure by allowing 
a smooth transition i to the higher velocity in the stenosis. 
Discharge coefficients have been observed experimentally to 
range from 0.6 for sharp-edged orifices to >O.9 for ideal 
nozzles (13). 
The coejicients of discharge measured in the current 
study accordingly lay between 0.68 and 0.93. These coeffi- 
cients are somewhat higher than velocity potential theory 
would predict for two major easons: I) the emptying cham- 
ber is finite and the obstruction to flow may not be as abrupt 
as in the theoretic ase where the streamlines originate at 
infinity; and 2) the receiving chamber also has finite bound- 
aries, which may allow some recovery of pressure from the 
hi kinetic energy within the vena contracta. The net 
pressure loss across the orifice is therefore less, and the 
effective orifice appears to be greater than in the absence of 
pressure r covery (14). 
ow. We observed an excellent fit to a parabolic pres- 
sure-time r lation and to a linear flow decay. This observa- 
tion indicates that pressure gradient varies with the square of 
the Bow rate, in agreement with fundamental nd long- 
standing hydrodynamic notions, and further implies a con- 
stant discharge coeacient hroughout the range of flows 
encountered in our experiments. 
These data differ from an earlier study (4) t 
the discharge coefficient (co) to vary with the 
the pressure gradient, leading to a correction of the Gorlin 
formula with the form A,,, = q/(k’Ap) + h, where k’ and b 
are empirical constants. The authors (4) obtained fitted 
values of k’ and h using 1) in vitro model data ofbiopros- 
theses, 2) catheterization data from patients with biopros- 
theses, and 3) the original hemodynamic data from Gorlin 
(1). This study (4) raises several points with respect to our 
Own data. First, if co were to vary with I& (that is, if q 
were proportional to Ap), we would have expected to see 
exponential pressure and flow decay in our in vitro model, 
rather than the parabolic and linear curves observed. Sec.- 
and, in the cited study (4), the fitted values for k’ and h for 
the in vitro data we? 1.92 and -0.226, respectively; for the 
in vivo ‘data 80.3 and 1.20, respectively; and for the original 
Gorlin data 6.84 and 0.08, respectively (a surprising amount 
of variabihty among data sets). Note that our observations 
and those of others (15) represent refinements to the Gorhn 
constant that are relatively small in magnitude, given the 
wide range of orifice geometries studied. We would expect a
Note that our model 
cry low flow rates, where 
ow dependency of the disc 
t-eater than in a circular one. 
ow, where viscosity is the 0 
cross-sectional area is 
ing flow contraction todominate viscous effects 
orifices. 
We noted that th charge coefficient increased 
average of 8.9% as 0 e area was augmented from 
2.5 cm’. This also may be explained by visco 
because the pe~meter/area atio is ~~m0st the 
large for a 0.3 cm* orifice as it is for a 2.5 cm2 o 
Finally, changing the inlet geometry to a nozzle improve 
the discharge coeflcient by a mean of 8.8% for the circular 
orifices, leading to discharge coefficients 
0.93. This effect was remarkably similar 
(Fig. 6). Anatomically, the mitral valve inlet leads to a 
gradual tapering ofcross-sectional area, rather than present- 
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